INTRODUCTION
============

The nucleosome is the fundamental repeating unit of the chromatin structure found in eukaryotes, in which the DNA wraps around a core histone octamer formed by one H3/H4 heterotetramer flanked by two H2A/H2B heterodimers ([@B1; @B2; @B3]). It is now well established that the processes of assembling the nucleosome from newly synthesized and recycled histones as well as disassembling chromatin for all DNA-dependent processes such as DNA replication, DNA repair and transcription are orchestrated by a variety of ATP-dependent remodeling complexes and histone chaperones ([@B4],[@B5]). Histone chaperones are acidic proteins that facilitate histone deposition, exchange and eviction during nucleosome assembly and disassembly ([@B5; @B6; @B7; @B8; @B9]).

As a chaperone of histones H3/H4, Anti-silencing Function 1 (Asf1) has an extensive range of functions in chromatin regulation. Asf1 was initially found to be a suppressor of gene silencing when over-expressed in *Saccharomyces cerevisiae* ([@B10],[@B11]). Deletion of *S. cerevisiae* Asf1 (yAsf1) leads to defects in DNA replication, repair, transcription and histone modification ([@B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19; @B20]). Although there are species-specific variations in the isoforms of Asf1, it is conserved across eukaryotic species as a central H3/H4 chaperone ([@B21; @B22; @B23; @B24; @B25]). The crystal structures of Asf1 bound to the H3/H4 dimer show that Asf1 binds to H3 at the H3/H4 dimerization surface, physically blocking formation of the H3/H4 heterotetramer and importantly, interactions with both H3 and H4 are required for Asf1 histone chaperone function ([@B26; @B27; @B28]). The C-terminus of histone H4 adopts a dramatically different conformation when bound to Asf1 relative to its position in the nucleosome ([@B3]), which led to our suggestion that the H4 tail could facilitate chromatin disassembly/ assembly via a 'strand capture mechanism' ([@B26]). Furthermore, the findings that yAsf1 mediates chromatin disassembly from promoters during transcriptional activation and chromatin disassembly and reassembly during transcriptional elongation ([@B14],[@B19],[@B29; @B30; @B31]) leaves open the possibility that Asf1 might directly participate in the nucleosome disassembly process.

Whereas the detailed interactions of H3/H4 within a nucleosome ([@B3]) and bound to Asf1 ([@B26],[@B28]) are known, the dynamic transition between them remains a mystery. Quantitative studies of histone interactions with another histone chaperone, Nap1, reveal that the binding affinity of histones for Nap1 is weaker than the affinity of histones for DNA ([@B32],[@B33]). Furthermore, the histone affinity for DNA is quite sensitive to the ability of the DNA sequence to favorably position the nucleosome ([@B32],[@B34]). Interestingly, histone modifications such as the acetylation of H3 at K56 alter the dynamic behavior of the nucleosome and weaken the affinity of the histones for DNA ([@B32],[@B35]). The presentation of H3/H4 by Asf1 to acetyltransferases *in vivo* is critical for the acetylation of H3 at K56 ([@B17],[@B36]). However, it has been difficult to dissociate the potential direct role of Asf1 in nucleosome disassembly via a strand capture or any other mechanism from the indirect effects of weaker histone--DNA contacts generated by H3 K56 acetylation, which are also mediated by Asf1 ([@B17],[@B37]).

Knowledge about the thermodynamics of chaperone--histone interactions in general, and of Asf1--histone interactions in particular is quite limited. The earliest step in nucleosome assembly pathway involves the deposition of two H3/H4 dimers on the DNA resulting in the intermediate known as the tetrasome ([@B38],[@B39]). Here, we focused on the action of Asf1 in tetrasome assembly and disassembly *in vitro* under conditions of physiological ionic strength, which provide much clearer insights into the histone chaperone capabilities of Asf1.

MATERIALS AND METHODS
=====================

Preparation of proteins
-----------------------

Plasmid pET60yAsf1FL was produced by cloning the full-length yAsf1 sequence for amino acids 1--279 into the vector Nova pET-60-DEST (Gateway) between the GST-tag coding sequence and the His~6~-tag coding sequence. All yAsf1 constructs used had the −1 position proline substituted to a cysteine (Quikchange, Stratagene) for fluorophore attachment. The pGST-V94R vector was derived from the pGST-Asf1tr overexpression vector ([@B27]) using the QuikChange mutagenesis kit (Stratagene) and purified as described in ([@B27]). Expression of the N-terminal GST-tag and C-terminal His~6~-tag fusion protein was induced by addition of 0.8 mM IPTG to exponentially growing *Escherichia coli* Rosetta (pLysS) cells (Novagen) containing plasmid pET60yAsf1FL for 4 h at 27°C. The purification protocol was identical to ([@B27]), with the exception of the subsequent purification by nickel affinity chromatography. For this, the released protein was bound to a HisTrap HP column (GE). The column was washed with three column volumes of Buffer A (20 mM Tris--HCl pH 7.9, 1 M NaCl, 5 mM imidazole, 20 mM BME, 10% glycerol, 0.05% Brij-35). The full-length protein with C-terminal His-tag was eluted via a gradient to Buffer B (10 mM Tris--HCl pH 7.9, 0.5 M NaCl, 250 mM imidazole, 10% glycerol, 0.05% Brij-35, 0.5 mM TCEP, 1 mM EDTA).

*Xenopus laevis* histones H3 and H4 with amino acid residue substitutions H3 C110A and H4 T71C, were expressed and purified as previously described, with modifications that are detailed in the [Supplementary material](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1) ([@B40],[@B41]). Purification of HMGB1 was carried out according to ([@B42]).

Preparation of DNA and tetrasomes
---------------------------------

DNA fragments of an 80 bp *X. laevis* 5S rDNA sequence were prepared by PCR using the plasmid pMM and 5SprimerI (CCC AGA AGG CAG CAC AAG G) and 5SprimerII (AGA CGA TAT CGG GCA CTT TCA GG). DNA fragments of 80 bp containing a very strong positioning sequence ('Widom 601') from the Widom 601 plasmid ([@B34],[@B43]) were prepared by PCR using the 601primerI (GTC GTA GAC AGC TCT AGC A) and 601primerII (TAG GGA GTA ATC CCC TTG). DNA fragments of length 146 bp were produced in the same way, but with primers 601146 F (CTG GAG AAT CCC GGT GC) and 601146 R (CAG GAT GTA TAT ATC TGA CAC GTG C). DNA fragments of 80 bp were produced from a portion of the coding region of the yAsf1 gene that was predicted to be a weak or non-positioning sequence (NPS). The NPS 80 bp fragments were prepared by PCR using the NPSprimerI (TGC TCT TCC GCT TCC T) and NPSprimerII (CGC CTT TGA GTG AGC TGA TAC). The PCR products were purified by ion-exchange chromatography using a DEAE column (Tyopearl MD-G DEAE SPW-1; Tosoh Bioscience LLC) followed by ethanol precipitation. The supercoiled 5SDNA and 601 plasmids were purified by agarose gel electrophoresis from mini-prepped DNA. The corresponding linear DNA fragments were produced by digesting the pMM plasmid with HindIII and the Widom 601 plasmid with EcoRI, respectively.

Purified 80 bp DNA fragments were reconstituted with H3/H4 to form tetrasomes using a continuous salt-gradient dialysis method (41). Tetrasomes were formed at a final molar ratio of tetramer to DNA of 1:1 with a final DNA concentration of 0.15 mg/ml. The mixture was transferred into 3500 MWCO Slide-A-Lyzer Dialysis Cassette (Thermo Scientific) and dialyzed against 300 ml of 10 mM Tris--HCl (pH 7.5), 2 M NaCl, 1 mM EDTA and 1 mM TCEP. A total of 3700 ml of 10 mM Tris--HCl (pH 7.5), 1 mM EDTA, and 1 mM TCEP was added to the 300 ml at a rate of 1 ml/min to give a final salt concentration of 150 mM. Tetrasomes were alternatively formed by direct addition of H3/H4 to the DNA in the presence or absence of Asf1, producing two bands confirmed by quantitation of fluorescence to be histone:DNA ratio twice as large for the top band compared to the bottom band ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)).

Electrophoretic analyses
------------------------

Mixtures of yAsf1 and/or H3/H4 and DNA were prepared in assembly buffer (10 mM Tris--HCl, pH 7.5, 150 mM NaCl, 0.5 mM TCEP). The samples were incubated at 4°C for 1 h prior to electrophoresis unless another temperature or time is specifically stated. Seven percent polyacrylamide gel (59:1 acrylamide:*bis*-acrylamide) containing 0.2×TBE were pre-run for 60 min in 0.2×TBE at 4°C at ∼5 V/cm. The reactions were electrophoresed at 4°C and 70 V for 2--3 h. Bands were visualized by recording the signal of the histone H4 fluorescein (FM) label, the Alexa Fluor 532 signal of yAsf\* and SYBR Green I (Invitrogen) nucleic acid stain fluorescence with a Typhoon 9400 Variable mode imager (GE Healthcare).

Analytical ultracentrifugation
------------------------------

Analytical ultracentrifugation (AUC) experiments were conducted at 20°C on a Beckman Optima XL-A analytical ultracentrifuge equipped with absorbance optics and an An60 Ti rotor, using standard approaches. The partial specific volume at this temperature was determined from the amino acid composition to be 0.7452 ml/g for the H3/H4, using the program SEDNTERP, version 1.09. Proteins were dialyzed against either high salt buffer containing 10 mM Tris--HCl, pH 7.5, 2 M NaCl, 1 mM EDTA and 1 mM TCEP or low salt buffer containing 10 mM Tris-HCl, pH 7.5, 150 mM KCl, 2 mM MgCl~2~ and 0.05% Brij-35 prior to analysis. The density of the high salt buffer was 1.07 767 g/ml and 1.00 504 g/ml for the low salt buffer, and the viscosity was 0.01219 P and 0.0102 P for the high salt buffer and low salt buffer, respectively, at 20°C as calculated with SEDNTERP.

Analytical sedimentation velocity and equilibrium studies were conducted with the purified H3/H4 complex dialyzed against buffer. For sedimentation velocity experiments, the sample was loaded into Epon double-sector cells and data were collected at 280 nm in a continuous scan mode at 20°C at 42 000 rpm. The sedimentation velocity data were analyzed using SEDFIT ([@B44]), floating the parameters for meniscus, bottom, time independent noise and frictional ratio. For the sedimentation equilibrium experiments, the sample was loaded into Epon charcoal-filled six-channel centerpiece. The complex was sedimented to equilibrium at three rotor speeds: 15 K, 25 K and 30 K rpm at 20°C. The sedimentation equilibrium data were analyzed using the programs SEDFIT and SEDPHAT ([@B45]).

Fluorescence assays
-------------------

The *X. laevis* H3^C110A^ mutant (xH3^C110A^) was used to mimic the yeast histone dimerization surface and to avoid any unwanted cysteine / dye reaction ([@B46]). *X. laevis* histone H4^T71C^ mutant (xH4^T71C^) was fluorescently labeled ([@B26],[@B46]) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)) with the Qsy9 fluorescence quencher or fluorescein (FM) (Invitrogen) as previously described ([@B46]). The xH3^C110A^ and Qsy9 or FM labeled xH4^T71C^ were then prepared as tetramers yielding either H3/H4\*^Q^ or H3/H4\*^FM^. yAsf1 was labeled with Alexa Fluor 532 (Invitrogen) yielding yAsf1\*. The position of the labeled cysteine is shown in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1), while the other two cysteines in yAsf1 (Cys^30^ and Cys^99^) are not near the histone-binding interface and are not labeled efficiently in this procedure (as verified by mass spectrometry, data not shown). Measurements were performed at a yAsf1 concentration of 1 nM in buffer \[10 mM Tris-HCl (pH 7.5), 150 mM KCl, 2 mM MgCl~2~, 1% glycerol and 0.05% Brij-35\]. Double measurements were made with an integration time of 0.5 s on a Horiba Fluorolog-3 spectrometer at 20°C, using a 0.5 cm path-length cuvette. The excitation wavelength was 528 nm, with a slit width of 7 mm; emission was recorded at 547 nm with a slit width of 7 mm. H3/H4 labeled with Qsy9 was titrated to the cuvette containing yAsf1\* and the decrease of yAsf1\* fluorescence was monitored. Control samples with buffer or unlabeled histones were analyzed likewise to discount buffer effects on fluorescence. The buffer was scanned in the same range used in all experiments for background contributions to the readings and was corrected for in each spectrum. Varying incubation times (0--30 min) confirmed that the fluorescence signal had reached equilibrium by 5 min. The reactions were allowed to equilibrate at 20°C for at least 5 min prior to measurement, and at least three independent experiments were performed for each sample. Data were fitted with the ligand-depleted binding model \[Equation ([@B1])\] in cases where the concentration of yAsf1\* was within 10-fold of the *K*~d~ value. with the variable *i* indicating the varying concentrations of H3/H4 that were titrated into the yAsf1\*.

RESULTS
=======

Asf1 increases the incorporation of histones into disomes
---------------------------------------------------------

Asf1--H3/H4 complexes supply histones to nucleosome assembly complexes CAF-1 and HIRA in a form that is competent for nucleosome assembly ([@B13],[@B21],[@B22],[@B27]). However, under a variety of conditions *in vitro*, H3/H4 can interact productively with DNA to form tetrasomes in the absence of histone chaperones ([@B47],[@B48]). Furthermore, the modification of H3 by acetylation at K56 produces tetrasomes that are less stable than those formed with wild-type histones ([@B32]), and the K56Q substitution has similar effects on the dynamics and remodeling of nucleosomes as acetylation of H3 at K56 ([@B35],[@B37],[@B49]). Therefore, we tested the assembly properties of yAsf1 in this minimal system to learn about the intrinsic properties of Asf1 in tetrasome and disome assembly *in vitro*.

We used electrophoretic mobility shift assays (EMSA) with a minimal system comprising fluorescently labeled *S. cerevisiae* Asf1 (yAsf1\*) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)) in combination with labeled *X. laevis* H3/H4 carrying an H3 cysteine 110 to alanine substitution (H3/H4\*^FM^) or with an additional substitution of H3 lysine 56 to glutamine (H3K56Q/H4\*^FM^) and 80 bp DNA. In this system, yAsf1\* migrates slightly faster than the tetrasome but slower than the free DNA, and the yAsf1\*--H3/H4\*^FM^ complex does not enter the gel ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)). [Figure 1](#F1){ref-type="fig"}A shows that both H3/H4\*^FM^ and H3^K56Q^/H4\* ^FM^ associate with 80 bp DNA fragments of the naturally occurring nucleosome positioning sequence from the *X. borealis* 5SRNA gene (5SDNA) ([@B50]) and the selected high affinity nucleosome positioning sequence Widom 601 (601) ([@B34],[@B43]) as well as a non-positioning DNA sequence (a region of the Asf1 gene that we named NPS). At near physiological ionic strength, one of the species migrates at the position of tetrasomes produced by classic salt dialysis methods. There is also a faster migrating species that we are calling a disome ([@B51]), based on its observation in previous studies and the measured histone:DNA ratio of one half of the tetrasome complex ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)), which would correspond to one H3/H4 dimer bound to each DNA fragment. Other than a slightly decreased amount of histone--DNA complexes observed for the non-positioning sequence relative to 601 and 5SDNA, there is not a significant difference in tetrasome or disome formation between the types of histones under these experimental conditions. This is consistent with the recently measured affinity of 601 and 5SDNA for histones ([@B32]). Figure 1.Asf1-assisted exchange of histone dimers onto DNA. (**A**) Tetrasome and disome formation in the absence of yAsf1. The 601, 5SDNA and a non-positioning sequence (NPS) 80 bp DNA fragments at 0.4 µM concentration were incubated with a 2-fold excess of H3/H4\*^FM^ or H3^K56Q^/H4\*^FM^ dimers prior to analysis by non-denaturing PAGE. The gel was scanned to obtain the H3/H4\*^FM^ fluorescence before the gel was stained with SYBR Green I nucleic acid stain and then rescanned, as described in [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1). The DNA and histones are shown in green and the position of each species is indicated with an arrow (top panel). The products were analyzed by non-denaturing PAGE and scanned for FM fluorescence. The data from at least three independent experiments were quantitated and are presented in graphical form (bottom panel). (**B**) Effect of excess of yAsf1 on the formation of tetrasomes and disomes in the presence of an excess of histones. The molar ratios of each component of the mixture are indicated above the non-denaturing PAGE image, which was produced as described in (A). (**C**) Effect of prior addition of Asf1 on tetrasome and disome formation. H3/H4\*^FM^ histones at 0.8 µM were incubated in the absence and presence of increasing concentrations of unlabeled yAsf1 (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, or 2.0 µM) for 30 min at 20°C prior to addition of 0.4 µM concentration 80 bp DNA fragments of 5SDNA. After further incubation for 60 min at 20°C the products were analyzed by non-denaturing PAGE, scanned for FM fluorescence and the data from between three and six independent experiments are presented in graphical form.

As a histone chaperone, Asf1 is expected to aid in the maintenance of histones in a stable unaggregated form ([@B22],[@B32],[@B48]). Under conditions where histones were in excess of the DNA, such as lane 3 in [Figure 1](#F1){ref-type="fig"}B, the histones typically precipitated the DNA. A similar excess of Asf1 improved the histone stability such that tetrasome and disome species were formed, but a majority of the DNA remained as insoluble aggregates with H3/H4, which suggested that Asf1 protects histones from aggregation. Under conditions where the histones were not in excess over the DNA, an increased concentration of Asf1 facilitated the assembly of tetrasomes and disomes (compare lanes 4 and 6 in [Figure 1](#F1){ref-type="fig"}B). The formation of tetrasomes and disomes in the presence and absence of yAsf1 suggest that the histones prefer binding to DNA over yAsf1.

In order to examine more closely the effect of Asf1 on assembly of histones onto DNA, we examined the effect of pre-incubating H3/H4\*^FM^ histones and Asf1 before addition of DNA. The EMSA and graph of the quantitated results in [Figure 1](#F1){ref-type="fig"}C show that pre-incubation of Asf1 with H3/H4\*^FM^ greatly increases the formation of disomes in a manner that is dependent on the dose of Asf1 up to the point where the Asf1 concentration was equal to the H3/H4 dimer concentration, whereas the formation of tetrasomes remained largely unchanged. Interestingly, the quantity of total histone--DNA complexes (tetrasomes and disomes together) is increased nearly 2-fold, and this is due to the additional disomes that are formed. The assembly of histones onto 146 bp of the Widom 601 fragments showed similar results, although it was not possible to distinguish between disomes, tetrasomes and potentially higher ratios of histone dimers associated with the DNA ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)). Therefore, Asf1 assists the assembly of histones onto DNA through the increased assembly of disomes with no significant effect on tetrasome formation.

Asf1 does not remove H3/H4 from tetrasomes
------------------------------------------

Asf1 has a functional role in eviction of histones from the promoters of some activated genes ([@B14],[@B19],[@B52; @B53; @B54]), and the Asf1--H3/H4 structure suggests a mechanism by which Asf1 may access histones H3/H4 after H2A/H2B have been displaced from the nucleosome ([@B26],[@B28]). In order to determine whether Asf1 has any intrinsic ability to bind to histones H3/H4 in the tetrasome, we conducted a series of binding studies of yAsf1 and tetrasomes that were assembled using well-established salt-gradient dialysis methods ([@B41]) ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)). Under these conditions the free histones remained in the wells. As yAsf1\* was titrated over a concentration range from 0.4 to 4.0 µM up to 5-fold molar excess of tetrasomes and far above the expected *K*~d~ of yAsf1 for histones, no binding of yAsf1\* to the tetrasome was observed, as might be indicated by the appearance of a supershifted tetrasome--Asf1 complex ([Figure 2](#F2){ref-type="fig"}). Furthermore, yAsf1\* was unable to cause the loss of tetramers from the DNA in this assay ([Figure 2](#F2){ref-type="fig"}). The EMSA and graph of the quantitated results for experiments with the 5SDNA, which is representative of all of the DNA fragments tested ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)), shows that Asf1 has no effect on the formation of tetrasomes or disomes when they are pre-assembled. These results suggest that yAsf1\* alone does not stably bind to the tetrasome and is incapable of dissociating histones from these tetrasomes. Figure 2.yAsf1 does not bind to or dissociate tetrasomes by itself. (**A**) Titration of yAsf1\* into 0.4 µM 5SDNA or 601 80 bp tetrasomes. yAsf1\* was added at 0, 0.4, 0.8, 2 and 4 µM. The images show the fluorescence of yAsf1\* in red and histones H3/H4\*^FM^ and SYBR Green I stained DNA in green. (**B**) Titration of yAsf1 into 0.4 µM 5SDNA or non-positioning sequence (NPS) 80 bp tetrasomes formed with H3^K56Q^/H4\*^FM^ histones. yAsf1\* was added at 0, 0.4, 0.8, 2 and 4 µM. The images were produced as in (**A**).

With the recent knowledge that H3 acetylated at K56 weakens nucleosomes ([@B32]), we tested whether Asf1 would be able to dissociate these tetrasomes. 'Weak' tetrasomes composed of H3^K56Q^/H4\* ^FM^ tetramers and either 5S DNA or the 80 bp NPS DNA ([Figure 2](#F2){ref-type="fig"}B) also did not show any binding of yAsf1\* to the tetrasomes or any tetrasome dissociation with the addition of yAsf1\*. These results show that yAsf1\* alone does not stably bind nor dissociate tetrasomes, even when they are in a weakened state by use of non-positioning DNA sequences or histones that have a neutral substitution for the lysine at H3 K56.

It is formally possible that yAsf1 could associate with H3/H4 in the presence of DNA, even though it cannot dissociate the histones from the DNA, if a kinetic barrier to normal dynamic histone dissociation from DNA exists. In order to challenge the stability of the tetrasome and assess the ability of yAsf1 to capture free histones, the reactions were heated, which facilitates their repositioning by weakening histone DNA contacts ([@B41]). [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1) shows that although incubation at 37°C, 46°C and 55°C disrupts the tetrasomes imperceptibly, in the presence of yAsf1\* there is still no disruption and yAsf1\* denatured by itself at 55°C. These results were seen for both the 5SDNA and 601 80 bp tetrasomes ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1)). Therefore, the addition of thermal energy did not facilitate the dissociation of tetrasomes, demonstrating the tetrasome is a stable complex even in the presence of the histone chaperone yAsf1.

High-mobility group box protein 1 (HMGB1) is an abundant, non-histone architectural chromosomal protein with functional roles in chromatin remodeling ([@B55; @B56; @B57]). Although HMGB1 binds the minor groove of DNA with moderate affinity and little sequence specificity, it interacts in a structure-specific manner with DNA at its entry and exit of the nucleosome ([@B58; @B59; @B60]). HMGB1 destabilizes nucleosomes and allows bending of DNA that facilitates gene transcription. In order to determine whether yAsf1 could dissociate tetrasomes that have undergone distortions caused by HMGB1, the effects of Asf1 on tetrasomes were studied in the presence of HMGB1. Addition of HMGB1 to the 5SDNA and 601 tetrasomes results in HMGB1--tetrasome complexes that migrate more slowly in the gel, indicating that HMGB1 bound to the tetrasomes ([Figure 3](#F3){ref-type="fig"}A). Even in the presence of yAsf1\*, dissociation of the tetrasomes was not evident. Interestingly, yAsf1\* and HMGB1 formed non-specific complexes that migrated more slowly than yAsf1\* in the gel, but this is not surprising given the strength of the electrostatic interactions expected from these oppositely charged proteins. Therefore, HMGB1 bound to the tetrasomes, but did not facilitate the transfer of H3/H4 to yAsf1. At 10-fold molar excess of HMGB1 relative to tetrasomes, yAsf1\* mobility in the gel was altered, but Asf1 was observed to bind to HMGB1 even in the absence of tetrasomes. Figure 3.Effect of HMGB1 or supercoiled DNA on tetrasome dissociation by Asf1. (**A**) Effect of HMGB1 on stability of tetrasomes in the presence of yAsf1. HMGB1 was added to give a final concentration of 0, 0.4, 0.8, 2 and 4 µM with 0.4 µM 5SDNA and 601 tetrasomes. The gels were scanned and processed as in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr097/DC1), with fluorescence of H3/H4\*^FM^ and SYBR Green I stained DNA shown in green, and yAsf1\* in red. (**B**) DNA competition assay. Supercoiled or linear 5SDNA or 601 plasmid DNA was added at 0.02 µM concentration to tetrasomes in the absence or presence of yAsf1. The images were produced as in (A).

It is also possible that there may be transient dissociation of the histones from DNA in the normal dynamic equilibrium that yAsf1 might assist, but which might not be evident in the previous experiments. To determine whether yAsf1 assists in transient tetrasome disassembly, the same Asf1-tetrasome reactions were carried out in the presence of an excess of supercoiled or linear plasmid DNA ([@B48]). [Figure 3](#F3){ref-type="fig"}B shows that histones did not transfer from the short 80 bp DNA to the longer linear or supercoiled DNA plasmid in the absence or the presence of excess yAsf1\*. Taken together, these experiments clearly demonstrated that Asf1 by itself is unable to remove histones from DNA, even under circumstances where H2A/H2B are not present, the histones are modified by a glutamine substitution at K56 of H3, and the DNA is short enough to offer the best opportunity for histone removal.

Oligomeric status of H3/H4 histones
-----------------------------------

The results from these assembly and disassembly studies, as well as the recent measurements of histone affinities for DNA of Luger, *et al.* ([@B32]), suggested that the histone DNA complex may have a substantially higher affinity than yAsf1 does for histones. As the affinity of yAsf1 for histones has not been determined, we sought to measure this binding affinity under physiological conditions. Like others ([@B61; @B62; @B63]), we found that the H3/H4 complexes are stable at high salt concentrations (\>1 M NaCl), but at low salt concentrations H3/H4 were relatively unstable due to aggregation and they were unsuitable for thermodynamics studies. However, as it has been possible to stabilize histones at low ionic strength and low concentrations \<1 µM using non-ionic detergents or osmolytes ([@B62],[@B64]), we identified conditions to stabilize the histones at physiological ionic strength.

The self-associative behavior of the H3/H4 histone complex was then analyzed in low-ionic and high-ionic strength conditions by AUC. Given the highly charged character of histones H3/H4, we hypothesized that H3/H4 tetramers would be favored at high ionic concentrations, and at physiological ionic concentrations histones H3/H4 might exist predominantly as dimers. AUC using sedimentation velocity (AUC-SV) ([Figure 4](#F4){ref-type="fig"}A) showed that H3/H4 exist mostly as single species and sediment at 1.70 and 1.93 Svedberg units in both the high-salt and low-salt buffers, respectively ([Table 1](#T1){ref-type="table"}). Estimating molecular weights from the AUC-SV data can be misleading, because the buffer conditions were vastly different, the histones themselves are asymmetric and unstructured proteins (nearly one-third of the N- and C-terminal tails are natively unfolded), and the shape of the H3/H4 dimer and H3/H4 tetramer are not the same. Therefore, carbonic anhydrase (CA), which is a 29 kDa globular protein and protein standard for hydrodynamic studies, was used as a control. The relative S~20,w~ values and the sedimentation coefficients ([Table 1](#T1){ref-type="table"}) of the histones compared to CA suggested that H3/H4 in low-salt buffer are smaller than CA, and the S~20,w~ values for H3/H4 in high-salt buffer is larger than CA, which supported the hypothesis that H3/H4 is a tetramer in the presence of 2 M NaCl and a dimer in the presence of 150 mM NaCl. Figure 4.Analytical ultracentrifugation of H3/H4 at different ionic strengths. (**A**) Sedimentation velocity AUC analysis of H3/H4. The normalized c(s) distribution curves calculated from the raw data using SEDFIT ([@B44]) are shown for H3/H4 at 10 µM (dimer in red) and carbonic anhydrase (CA in black) in buffers containing 2 M NaCl (solid line) and 150 mM NaCl (dotted line), respectively. (**B** and **C**) Sedimentation equilibrium concentration profiles of H3/H4 were measured in buffers with 150 mM (B) and 2 M (C) NaCl concentrations, respectively. The absorption profile was recorded at 280 nm at three rotor speeds each: 15 000 rpm (red circle), 25 000 rpm (green triangle), and 30 000 rpm (blue square). The continuous line is the non-linear least-squares global fit to a single exponential function, with single species having a molecular masses shown in [Table 2](#T2){ref-type="table"}, as analyzed with SEDPHAT ([@B45]). Table 1.Analytical ultracentrifugation sedimentation velocity analysis of H3/H4\[NaCl\] MProteinc(s)[^a^](#TF1){ref-type="table-fn"} Ss~20,w~[^b^](#TF2){ref-type="table-fn"}0.15H3/H41.962.032.0H3/H41.702.700.15CA2.812.892.0CA1.722.68[^2][^3]

In order to determine the molecular weights and the oligomeric status of H3/H4 under in the different buffer conditions, we used sedimentation equilibrium AUC (AUC-SE). The analysis performed using SEDPHAT ([@B45]) ([Figures 4](#F4){ref-type="fig"}B and C) gave molecular weights of 28 771 Da for H3/H4 in low-salt buffer and 49 214 Da for H3/H4 in high-salt buffer ([Table 2](#T2){ref-type="table"}). These values are within 10% of the theoretical molecular weights of 26 509 Da and 53 218 Da for H3/H4 dimers and tetramers, respectively. The sedimentation equilibrium analysis of CA under the same conditions in the high- and low-salt buffer also gave molecular weights that were within 10% of the theoretical value. These results clearly demonstrated that H3/H4 used here at 10 µM in high-salt buffer formed tetramers but in the low-salt buffer formed dimers. Table 2.Analytical ultracentrifugation sedimentation equilibrium analysis of H3/H4\[NaCl\] M\[H3/H4\] µMvbarDensity (g/cm^3^)Calculated mol. wt (Da)Theoretical mol. wt (Da)0.1510.20.74521.00 50428 77126 5092.012.80.74521.07 76749 21453 018

The affinity of yAsf1 for histones
----------------------------------

The finding that the histones were dimers under the quantitative binding conditions used in this study greatly simplified the analysis required to obtain affinity measurements of yAsf1--histone complexes. Since the H3/H4 complexes were predominantly, if not all, in the dimer form, the determination of the association constants for the Asf1--histone interaction did not take into account the complete histone dimer-tetramer equilibrium ([Figure 5](#F5){ref-type="fig"}A). We used fluorescence quenching of labeled yAsf1\* with quencher-labeled H3/H4\*^Q^ to measure the histone-binding affinity of yAsf1. The measured K~d~ for yAsf1 was 2.5 ± 0.7 nM ([Figure 5](#F5){ref-type="fig"}B). Buffer did not quench yAsf1\* fluorescence, indicating that the quenching signal comes from the association of yAsf1 with the histones. To account for potential non-specific association of the proteins, we also tested the yAsf1 mutant V94R (yAsf1\*^V94R^), which is defective in binding to histones due the disruptive substitution at the Asf1--H3 interface ([@B65]). At a much higher concentration of histones yAsf1\*^V94R^ exhibited a lower degree of quenching ([Figure 5](#F5){ref-type="fig"}C), giving rise to a measured *K*~d~ of 290 ± 53 nM. Figure 5.Affinity of Asf1 and H3/H4 determined by fluorescence quenching. (**A**) Schematic diagram of model equilibria for yAsf1 association with H3/H4 complexes. D and T indicate H3/H4 dimers and tetramers, respectively. (**B**) H3/H4\*^Qsy9^ binding to yAsf1\* was observed by fluorescence quenching. H3/H4\*^Qsy9^ was titrated into 1.0 nM yAsf1\*. The data were fitted with a ligand-depleted binding model (Equation 1; GraphPad Prism) because the concentration of yAsf1\* was within 10-fold of the *K*~d~ value. (**C**) H3/H4\*^Qsy9^ binding to yAsf1\*^V94R^ was observed by fluorescence quenching. H3/H4\*^Qsy9^ was titrated into 1.0 nM yAsf1\*^V94R^. The curve was fitted (GraphPad Prism) with a Langmuir single-site binding isotherm.

DISCUSSION
==========

We determined that under conditions of physiological ionic strength and at moderate concentration (≤10 µM) H3/H4 exist primarily as dimers. This is in contrast to our expectation from the literature that the histones would either form exclusively H3/H4 tetramers or exist as a mixture of dimers and tetramers due to the expected association constant for the dimer--tetramer equilibrium. Previous studies have found that the dimer--tetramer equilibrium association constant for chicken erythrocyte H3/H4 is in the 10 to 20 µM range depending on the buffer conditions ([@B66]). Recently, H3/H4 tetramers were found to be the predominant species under conditions used for pulsed EPR studies, which employed nearly identical *Xenopus* histones with a Cys^110^Ala substitution in H3, but these studies were conducted at a 10-fold higher concentration of histones than used here ([@B67]). Others have reported that H3/H4 exists in the tetramer form, but the size-exclusion chromatography experiments were conducted at a salt concentration of 0.75 M, where the equilibrium between dimer and tetramer would have been shifted toward the tetramer form ([@B28],[@B66]).

Although *in vitro* at moderate H3/H4 concentrations and physiological ionic strength, the histones exist primarily as dimers, the form of free histones in the cell will be dependent on the relative affinities of the many histone chaperones for the dimer versus tetramer form of H3/H4 in addition to concentration of free histones. Our finding here that the affinity of yAsf1 for H3/H4 is in the low nanomolar range together with the previously measured association constant for the H3/H4 dimer--tetramer equilibrium, which is in low micromolar range ([@B66]), indicates that H3/H4 probably rarely if ever exist in the cell as a free H3/H4 tetramer, and that the tetramer form would exist only when H3/H4 are bound to DNA or to particular histone chaperones that promote tetramer formation. Thus, these thermodynamic results are consistent with findings in an earlier study, which showed that free histones in yeast appear to exist primarily in the dimer form *in vivo* ([@B23]).

The finding that yAsf1 binds histones tightly, but is not sufficient by itself to dissociate the tetrasome, is consistent with a role as a protector of histone when they are either in excess over DNA or are not in the vicinity of DNA. Our observation that yAsf1 can guide the assembly of H3/H4 with DNA into histone--DNA complexes by preventing non-specific aggregation of the histones with DNA is analogous to recent findings with Nap1 ([@B32]). Interestingly, we also found that Asf1 was even able to assist in the direct deposition of H3/H4 dimers onto DNA. Although the action of Asf1 directly in assembly of disomes was not necessarily anticipated, the relatively high affinity of the complex suggests that Asf1 will be a dominant H3/H4 binding protein in the cell, and this would be expected to bias the species of histones that are available for direct deposition, if they are not assembled through normal chromatin assembly pathways involving HIRA or CAF-1.

Asf1 binds H3/H4 with higher affinity than Nap1, but in contrast to Nap1, Asf1 is quite specific for H3/H4, and not other histones. As such Asf1 serves as a scaffold that directs H3/H4 toward different cellular fates through the formation of varied multi-protein complexes and acquisition of various histone post-translational modifications. Asf1--H3/H4 complexes can carry a variety post-translational histone modifications in the H4 tail K5K12ac2, the H3 tail at H3 K9me1, H3 K14ac and H3 K18ac, as well as acetylation of H3 lysine 56 in the core of H3 ([@B17],[@B68; @B69; @B70; @B71; @B72]). Evidence suggests that acetylation of lysine 56 in general depends on the association of the histones with Asf1 ([@B36],[@B73],[@B74]). Whether Asf1 is also necessary for the introduction of other modifications or not, these modifications direct the association of the Asf1--H3/H4 complexes and/or the histones themselves to downstream chromatin assembly machineries ([@B21],[@B75; @B76; @B77]).

Although yAsf1 does not directly interact with the tetrasome with measurable affinity, nor does yAsf1 promote histone release from DNA, our finding that histones H3/H4 bind yAsf1 only slightly more weakly than they bind to DNA places Asf1 in a pivotal position for direct participation in the nucleosome disassembly processes. The difference in affinity between the Asf1--H3/H4 interaction and the ≤1 nM affinity of H3/H4 for DNA is also subject to modulation by post-translational modifications ([@B32]). While all of the relevant histone and Asf1 modifications are still not known, the effect of histone post-translational modifications on the histone--DNA equilibrium in the case of acetylation of H3 K56 shown here and recently by the Luger lab ([@B32]) clearly illustrate that single modifications have real, albeit incremental effects on tetrasome stability. It is intriguing to speculate that Asf1 modifications, ATP-dependent chromatin remodeling complexes or additional histone modifications may tip the balance toward less stable histone--DNA association and enable Asf1 to compete for histones and facilitate tetrasome disassembly.
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[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as the joint First Authors.

[^2]: ^a^Sedimentation coefficient calculated using the continuous distribution c(s) Lamm equation.

[^3]: ^b^Sedimentation coefficient has been corrected to 20.0°C and the density of water, which enables a comparison of results from experiments performed in different buffers and temperatures.
